Increased reactivity of the reducing agent is desired for the blast furnace operation with a low reducing agent. In the present study, the catalytic effects of iron, calcium oxide, and a multi component oxide melt on the gasification reaction of reducing agent were investigated. The addition of Fe, and CaO enhanced the gasification reaction. The catalytic effects of Fe and CaO were only observed in the atmospheres of around Fe/FeO equilibration and stable CaCO3 conditions, respectively. Moreover, the conditions of contact between the reducing agent and the added material affect the reactivity of the reducing agent. Molten FeOX-SiO2-Al2O3 oxide also enhances the gasification reaction of the reducing agent.
Introduction
Lowering the reducing agent rate in the operation of a blast furnace is an effective method for decreasing carbon dioxide emission in steel works. 1) Lowering of the thermal reserve zone temperature in the blast furnace decreases the ratio of CO to CO2 and increases the gas utilization ratio, resulting in an operation with a low reducing agent rate. The thermal reserve zone temperature is mainly determined by the heat balance between the endothermic gasification reaction of carbon and the heat supply from the gas flow. Therefore, enhancing the gasification reaction of the reducing agent will decrease consumption of the reducing agent.
Proximity and catalytic effects between iron ore and reducing agents are supposed to enhance the reaction of the carbon-iron ore composite. In the previous paper, the effect of submicron iron oxide powder (SIP) on the gasification reaction of biomass char was investigated.
3) Addition of SIP increases the number of contact points between the reducing agent and the iron. Therefore, the REDOX effect of the submicron iron oxide was much higher than that of pellet feed and, therefore, enhanced the gasification reaction of biomass char. However, the submicron iron oxide slightly enhanced the gasification reaction of coke. The atmosphere affected the catalytic effect. The SIP enhanced the reactivity of biomass char in a CO/CO2 atmosphere in which Fe was equilibrated with FeO. Improvement of the contact conditions between the reducing agent and the iron oxide would enhance the catalytic effect in the gasification reaction.
The catalytic effects of iron oxide, alkaline metal oxide, and alkaline earth metal oxide have been reported. 4) Clarifying the mechanism of those methods and combining their effects would be effective for the enhancement of the gasification reaction of coke and the reactivity of the carbon iron ore composite.
The purpose of the present study is the enhancement of the gasification reaction of the reducing agent, which causes a decreasing thermal reserve zone temperature in the blast furnace. Fe or CaO supported by an incipient wetness method would distribute finely on surface of reducing agent. The contact conditions and catalytic effects of them would be better than mixture of reducing agent and SIP or CaO powder. First, the effects of supporting Fe or CaO by an incipient wetness method on the gasification reaction of biomass char and coke were investigated, and the conditions for the catalytic effects were discussed. Second, the effects of ash or molten oxide on the gasification reaction of coke, and the interaction between ash and added oxide were investigated. Additionally, the reactivity of a carbon iron ore composite that supported the oxides was measured and the effects of iron and molten oxide on the reactivity of the carbon iron ore composite were discussed.
Gasification Reaction Rates of Reducing Agent Supported with Fe or CaO

Measurement of Gasification Reaction Rate Constant of Reducing Agents
The REDOX effect of SIP on the gasification reaction of a reducing agent is considerably higher than that of iron ore materials such as the MBR pellet feed (MBR-PF). When Fe is supported by the incipient wetness method, the area of contact between Fe and the reducing agent is enlarged and the reactivity of the reducing agent is enhanced. Accordingly, © 2011 ISIJ measurements of the reaction rate constants of biomass char supported with Fe or CaO were carried out.
Experimental Procedure
Biomass char particles of 45-75 μ m diameter were dipped in a water solution of either Fe(NO3)3·9H2O or Ca(NO3)2 and dried at 120°C for 12 h. The concentration of iron and CaO were controlled at molar ratios of Fe/C = 0.0025/1 or Ca/C = 0.0025/1. Coke and deashed coke were also supported with iron by the same method. Ash was removed from the coke by the following procedure: 1) the coke was kept in 1:1 HCl at 80°C for 1 h, 2) kept in 22N HF at 80°C for 1 h, 3) kept in 1:1 HCl at 80°C for 1 h again, and finally, 4) it was fully dried. More than 90% of the ash was removed by this treatment. The reaction rate constants of the gasification reaction of the samples were measured by a TG-DTA. Approximately 2 mg of the sample was placed in the TG-DTA and heated at the rate of 100°C/min and was then kept at a specific temperature. A platinum crucible (5 mm diameter, 2.5 mm height) was used as a container; to prevent the occurrence of gas diffusion-limited reaction, biomass char or coke particles were distributed thinly and uniformly on the bottom. The atmosphere in the sample chamber was controlled by a continuous flow of CO2 gas or a mixture of CO/CO2 gas at a rate of 200 Ncm 3 /min, and it is 60 cm/min in linear velocity. The weight change decreases with an increase in the reaction ratio; therefore, the measurement was done before the reaction ratio reached 0.15.
Experimental Results
Influence of Fe or CaO on Gasification Reaction Rate Constant of Biomass Char
The gasification reaction rate constants of biomass char supported by Fe or CaO in a CO2 atmosphere are shown in Fig. 1 . K [1/h] is gasification reaction rate constant, defined as weight change rate divided by initial weight. Those of biomass char and biomass char coated with SIP 3) are also shown. In this figure, SIP represents submicron iron oxide. Compared with the gasification rate of biomass char alone, that of Fe supported biomass char was higher in the temperature range of 800-950°C. However, the reaction rate of SIP-coated biomass char was almost the same as that of biomass char. Effect of CaO on the gasification rate was not seen in the higher temperature range. It can also be seen that the reaction rate constant of the sample supported by CaO is higher than others at 800°C. Catalytic effect of CaO on gasification of biomass char at around 800°C had been reported. 5) Reactivity of pulverized biomass char is much higher than that of unground biomass char.
Influence of Atmosphere and Supported Iron on the Gasification Reaction Rate Constant of Biomass Char
Measurement were taken in a CO/CO2 atmosphere to assess the influence of this atmosphere on the REDOX effect of the gasification reaction constant of biomass char supporting iron by the incipient wetness method (Fig. 2) . Open and solid the triangles denote the reaction constants iron supporting biomass char and biomass char in CO/CO2 = 7/3, respectively. Squares show the reaction constants in CO2 atmosphere. Reaction rate constants increased because of the Fe supporting. Generally, gasification reaction rates decrease with increasing CO ratio in the atmosphere; the reaction ratio constant of Fe supported biomass char in CO/ CO2 atmosphere is almost the same as that in CO2. The effect of the iron support by the incipient wetness method in a CO/CO2 atmosphere is significant.
The influence of the atmosphere on the gasification reaction constant of biomass char supporting Fe at 910°C is shown in Fig. 3 . The gasification reaction constants of biomass char and biomass char covered with SIP 3) are compared with the present result in this figure. The gasification rate of biomass char clearly decreased with an increase in the CO ratio, whereas that of biomass char supporting Fe slightly decreased. Moreover the rate constant increases when the CO ratio increases beyond 0.5. Such phenomenon was observed in the case of the sample covered with SIP; the gasification rate of the biomass char with the iron oxide powder was significantly increased in the CO/CO2 atmosphere in which Fe is equilibrated with FeO is stable. For the sample supporting Fe, the REDOX effect was seen under the atmosphere in which Fe3O4, FeO, and Fe are stable.
The catalytic effect of iron acts via the reaction between Depending on the standard free energy change of Eqs. (1) and (2), the stable state of Fe can be determined. According to Eq. (1), the stable state of Fe depends on the CO/CO2 ratio, however, Eq. (2) shows that metallic Fe is stable. Both reactions act on the supported Fe. When a particle of SIP of about 1 μ m in diameter adheres to the surface of the reducing agents, then the catalytic effect is seen only in Fe/FeO equilibration condition of Eq. (1). Meanwhile, since Fe supported by the wetness method might distribute more finely, the influence of reduction by carbon on the supported Fe (Eq. (2)) is stronger than that of oxidation by oxygen in atmosphere (Eq. (1)). Therefore, Fe would be equilibrated with FeO even in an oxidizing atmosphere. Experimental results show that the atmosphere has a slight effect on the Fe; however, the catalytic effect of Fe is observed for all experiment. The weight ratio of biomass char and SIP in the sample was 2/1. The amount of iron oxide in the sample is much larger than that supported by the incipient wetness method. Therefore, the contact condition of iron oxide influences the reactivity more than the amount of iron oxide does.
Influence of Fe on the Gasification Reaction Rate Constant of Coke
The gasification reaction rate constant of coke supported by Fe in CO 2 is shown in Fig. 4 . The reaction rate constant of coke is enhanced approximately 1.6 times by the supporting Fe in the temperature range 900-1 100°C. In the previous study, the addition of SIP to coke was not effective for the enhancement of the gasification reaction in CO 2 .
3) The reactivity of coke is much lower than that of biomass char, 6) thus, the reduction of SIP by carbon (Eq. (2)) on the surface of the coke did not progress, and therefore, the catalytic effect was not active. However, Fe supported by the incipient wetness method would be in a gas film on the surface of the coke, thus the catalytic effect enhances the reaction.
Ash in the coke also has a catalytic effect on the gasification reaction. In order to separate the influence of ash from that of the supported Fe, the gasification rate of deashed coke was measured. The gasification reaction constant of deashed coke supporting Fe at 1 100°C is shown in Fig. 5 . The composition of gas phase in atmosphere was varied from 0.0 to 0.7 in the following ratio: CO/(CO2 + CO). Open and solid circles denote Fe supported deashed coke and deashed coke, respectively. The reactivity of Fe supported deashed coke was higher than that of deashed coke in all atmospheres; however, the reactivity decreased with an increase in CO ratio. Fe2O3, Fe3O4 and FeO are stable in the atmospheres of the present experiment. In Section 2.3.2, the reduction of Fe by carbon and the oxidation of Fe by the atmosphere were mentioned. The influence of the reduction of Fe by coke (Eq. (2)) was balanced by that of oxidation by the atmosphere (Eq. (1)). It is found that the REDOX effect of supporting Fe by the incipient wetness method is available for the gasification reaction of coke even in CO2. (4) where R and T denote the gas constant and temperature, respectively. In Fig. 6(a) , the solid line denotes the equilibrium line, and CaO and CaCO3 are stable in the regions below and above the line, respectively. The dashed line represents the pressure of CO2 at 1 atm. In Fig. 6(b) , the broken line represents the gasification reaction rate constant of CaO-supported biomass char below 800°C. The rate constant above 800°C is almost the same as that of biomass char which is shown as a solid line. The broken line deviates from the solid line below 800°C. The gasification rate constant of the broken line at 600°C is almost the same as that of the solid line at 750°C. According to (a), the equilibrium temperature of Eq. (3) under Pco2 = 1 and 0.1 atm are 886°C and 800°C, respectively. As the gasification reaction of biomass char formed CO gas, a gas mixture of CO/CO2 would exist around the CaO at 800°C. Thus, the equilibration temperature of Eq. (3) is below 886°C and might be approximately 800°C. Comparing (a) to (b), the catalytic effect of CaO was not observed under the atmosphere in which CaO was stable; however, this catalytic effect was observed at lower temperatures at which CaCO3 is stable. Consequently, the absorption and desorption reactions of CO2 with CaO (expressed by Eq. (3)) proceed like the REDOX reaction of Fe/FeO and the catalytic effect of CaO was observed under the atmosphere in which CaCO3 was stable. Catalytic effect of Ca on lignite in air below 400°C had been confirmed. 8) CaCO3 is stable in air, therefore the result agrees with the present result. However, Nomura et al. reported catalytic effect of CaO on coke over 1 050°C. 4) There would be another mechanism from catalytic effect of carbonation of CaO. In the present study, the reactivity of coke below 800°C was too low for measurement by TG, the effect of CaO on coke could not be observed.
Influence of Fe in Carbon Iron Ore Composite on the Reaction
Catalytic Effect of Fe on Reducing Agent in Carbon Iron Ore Composite
The presence of supported Fe and CaO on the reducing agent enhanced the gasification reaction as mentioned in Section 2. However, the addition of SIP, Fe, or CaO to coke did not enhance the reactivity of the carbon iron ore composite.
3) The proximity effect of the composing carbon iron ore composite itself and the ash in the coke would have caused a catalytic effect. The concentration of ash in the coke used in the experiment was more than 10% by weight, which might have influenced the catalytic effect of Fe and CaO supported by the incipient wetness method. In this section, the influence of SIP and Fe supported by the incipient wetness method on the reaction of the carbon-iron ore composite were investigated.
Experimental Procedure
The weight change of carbon iron ore composite was measured by using the thermogravimetric method.
9) An infrared image furnace connected to a proportional-integralderivative (PID) controller with a thermocouple was used for the measurement. The temperature of the hot zone was maintained within ±2 K. A continuous flow of Ar gas at 200 mL/min was used to control the atmosphere. A high accuracy balance was set on the furnace, and a sample contained in a platinum basket was hung from the balance on the furnace with a platinum chain. The basket is made of a platinum mesh that does not disturb gas flow around the sample.
Coke and deashed coke are ground and screened within diameters of 45-75 μ m. These carbon materials were uniformly mixed with MBR-PF or the SIP by a drum mixer. Reducing agent and iron oxide are set as mole ratio of carbon and oxygen to be unity. About 1.0 gram of the mixture was pressed in a 10-mm die at 9.8 MPa to form a tablet of the sample. The specimen was suspended, kept in the hot zone with Ar gas flashing for 60 min, and heated. The weight change of the sample was then measured. The temperature inside the furnace was increased at a rate of 10°C/min up to 
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1 000°C. Therefore, the temperature was maintained for 30 min and then increased again at a rate at 5°C/min up to 1 200°C.
Experimental Results
Weight change ratios for the carbon iron ore composite composed of MBR-PF, and biomass char or Fe supported biomass char are shown in Fig. 7 . The reaction rate of the carbon iron ore composite with Fe supported biomass char and MBR-PF (bold solid line) was higher than that without Fe support (bold chain line) over 800°C. The reactivity of the carbon iron ore composite was improved by supporting Fe on biomass char enhanced the reactivity of the reducing agent and the reactivity of the carbon iron ore composite.
In a previous study, the reactivity of the carbon iron ore composite including Fe-supported coke did not improve. 3) In Fig. 4 , Fe enhanced the reactivity of coke. The effects of Fe support on the coke in the carbon iron ore composite are different from those of other experimental conditions. The reactivity of biomass char is much higher than that of coke; additionally, coke contains ash. Interactions between supported Fe, iron ore, and ash in coke may change the catalytic effect of supported Fe.
Behavior of Ash under the Reaction of Carbon
Iron Ore Composite In order to clarify the effect of ash in coke, the reaction of carbon iron ore composite with deashed coke was measured. Figure 8 shows the experimental results. Solid and broken lines denote the composite with MBR-PF and SIP as iron ore, respectively. The difference in reactivity between the composite of coke and deashed coke is not significant. However, the reactivity increased slightly when deashed coke was used for the composite with SIP. Also, it decreased slightly when using deashed coke for the composite with MBR-PF. The difference observed was over 0.1 in the weight change ratio, which means that the REDOX effect between Fe and FeO had an effect on this ratio. The reactivity of the composite with MBR-PF decreased when using deashed coke, therefore the ash and MBR-PF had some enhancing effects on the gasification reaction of coke. Meanwhile, the REDOX effect of SIP decreased with the coexistence of ash in the coke.
The surfaces of coke in the carbon iron ore composite heated to 1 000°C and 1 100°C are shown in Fig. 9 . Where (a) and (b) represent temperatures 1 000°C and 1 100°C, respectively. The dark and bright regions are the surface of the coke and particles of the oxide, respectively. Since the surface of the white particle at 1 000°C was smooth and irregular, the oxide would be a mixture of solid and liquid phases. The surface at 1 100°C was smooth and spherical, thus the liquid phase would dominate in the oxide. Many holes were observed on the surface of the coke heated to 1 100°C, and oxide particles were present in the holes. The gasification reaction of coke might be enhanced on the oxide particle surface, and holes were formed by gasification reaction on the coke that was in contact with the oxide.
According to chemical analysis, the initial composition of the ash in the coke was 59%SiO2-31%Al2O3-6%Fe2O3-3%CaO-1%MgO. Here, the compositions of oxide particle on the heated coke were determined by FE-SEM-EDX. 6 and 42 oxide particles were randomly chosen for the chemical analysis of oxide in the sample heated to 1 000 and 1 100°C, respectively. The oxide was mainly composed of (Fig. 10) . Solid lines represent liquidus at specific temperatures.
10)
Open and solid circles denote compositions at 1 000°C and 1 100°C, respectively. However, the compositions are scattered and the concentration of FeO in the sample at 1 100°C is higher than that of 1 000°C.
Since the eutectic temperature of the ternary oxide system is 1 083°C 9) and the oxide phases in the experiment including other oxides such as CaO and MgO, the melting temperature should be less than 1 083°C. Liquid and solid phases would coexist in the oxide phases. Contact between ash and iron ore would increase the concentration of FeO in the oxide particle in both the coke and the formed molten oxide phase. Also, the concentration of FeO in the sample at 1 100°C is higher than that at 1 000°C. The phenomenon of enhancing the gasification reaction of coke by molten oxide has been reported by Kashiwaya.
11) The behavior observed in Fig. 8 might be explained as follows. The REDOX effect of MBR-PF would be smaller than that of SIP. The formation of liquid phase including FeO enhanced the reactivity of the carbon-iron ore composite with MBR-PF and coke by melting; however, it inhibited the effect of SIP by decreasing the activity of FeO. The effect of Fe support on coke would also be inhibited by the melting behavior of ash and iron ore.
Influence of Molten Oxide on the Gasification Reaction of Reducing Agent
Preparation of Specimen of FeO-SiO2-Al2O3
Oxide In order to investigate catalytic effect of molten oxide on gasification reaction rate of coke, reactivity of coke supported eutectic composition of FeO-SiO2-Al2O3 was measured. As shown in Fig. 10 , the main components of the oxide on the coke were FeO, SiO2, and Al2O3. In order to clarify the influence of the multi-component oxide melt including FeO on the gasification reaction of coke, eutectic FeO-SiO2-Al2O3 specimens (47%FeO-40%SiO2-13%Al2O3) were prepared. Reagents of Fe and Fe2O3 were mixed stoichiometrically, put into an Fe crucible, and then heated to 1 450°C under Ar atmosphere. Then, the crucible was withdrawn from the furnace and the melt of FeO was poured into a water-cooled copper mold and quenched. The FeO and reagents of SiO2 and Al2O3 were mixed in the following ratio: 47%FeO-40%SiO2-13%Al2O3, melted, and quenched. The ternary oxide was then ground in an agate mortar. The melting point of the sample was confirmed by TG-DTA as 1 060°C. Thereafter, the sample was ground and used to coat the deashed coke and its gasification reaction rate was observed.
Influence of FeO-SiO2-Al2O3 Oxide on Gasification Reaction of Coke
Deashed coke and coke of 45-74 μ m diameter were mixed with the oxide prepared in section 4.1, as coke/oxide = 4/1 by weight ratio. In order to prevent oxidation of the sample, measurement was carried out in an atmosphere of CO/ CO2 (7/3 partial pressure ratio). The gasification rate constants of the deashed coke with the FeO-SiO2-Al2O3 oxide and deashed coke are shown in Fig. 11 . Open circles and lines denote the rate constants of coke with the oxide and coke alone, respectively. Their gasification rates below 1 025°C are similar to each other. Meanwhile, the gasification rate of coke with the oxide is higher than that of coke alone above 1 050°C.
It can be said that the molten oxide phase enhanced the gasification reaction of coke. The REDOX reaction of Fe might be activated in the melt, while the molten oxide itself might act as an oxygen carrier.
Weight changing ratios of both coke and deashed coke with various amounts of the ternary oxide are shown in Fig.  12 . The weight ratio of coke and oxide was set to 1/0, 4/1, and 2/1. The thin dashed line denotes temperature: the temperature of the sample was increased at 100°C/min to 900°C, then was increased at 5°C/min. The vertical axis denotes the weight change ratio of coke. The weight of oxide was assumed to be a constant value. Extent of the weight changing ratio increased with an increase in the amount of supported oxide. Weight change ratios of deashed coke and deashed coke with oxide with oxide/coke = 2/1 were higher than the weight change ratio of coke with ash for both conditions. This result indicates that the reactivity of deashed coke is higher than that of coke. The effect of ash on the gasification of coke would be small. Pores formed by the deashing treatment enhanced the gasification reaction of coke.
The weight change ratio of coke with oxide as oxide/coke = 2/1 is slightly higher than that of deashed coke. The addition of FeO-SiO2-Al2O3 increased the reaction rate of coke. The ash in coke acts as a catalyst by forming a multi-component oxide melt.
Influence of Multi Component Oxide on Reactivity of the Carbon Iron Ore Composite
The weight change ratio of the carbon-iron ore composite composed of MBR-PF and coke of 45-74 μ m diameter was measured. The molar ratio of oxygen in the ore and carbon in the coke was set to unity. The FeO-SiO2-Al2O3 powder was mixed into coke at 0%, 5%, and 10% by weight ratio, the coke was mixed with MBR-PF. Then, the mixture was pressed into a 10-mm die at 9.8 MPa to form a tablet of the sample. The weight change ratio of the carbon iron ore composite is shown in Fig. 13 . The influence of the addition of oxide was not well observed. Moreover, the reactivity of these samples is almost the same above 1 060°C. The results for carbon iron ore composite disagree with the results for coke, as shown in Fig. 12 . Since, the ash and FeO formed molten oxide at approximately 1 060°C, the presence of the carbon iron ore composite readily results in the REDOX effect of the iron oxide and a catalytic effect of the molten oxide, both of which enhance the reactivity. The effect of the molten oxide formed from iron ore and ash in coke would be stronger than that of the added FeO-SiO2-Al2O3 oxide.
Conclusions
Gasification reaction constants for biomass char and deashed coke with supporting Fe or CaO were measured and their catalytic effects were discussed. The effects of ash and molten oxide on the gasification reaction, and interaction between ash and added oxide were investigated. The following conclusions were derived from the experiment.
(1) The catalytic effects of Fe or CaO was observed, only in atmosphere of equilibrium Fe/FeO and stable CaCO 3 conditions.
(2) The conditions under which the REDOX effect between Fe and FeO occurs are determined by the balance of reduction by carbon and oxidation by oxygen in atmosphere.
(3) Molten oxide including FeO enhances the gasification reaction of reducing agent.
(4) The conditions under which the REDOX effect between Fe and FeO occurs are determined by the balance of reduction by carbon and oxidation by oxygen in atmosphere. 
